We investigated the effect of 16 isoluminant chromatic surrounds on the perceived colour of an enclosed grey test-field at photopic (43 cd/m 2 ) conditions. Stimuli were shown on a grey background identical to the test-field. Use of these stimuli implies that activations of receptoral (c S , c M and c L ) and postreceptoral (c M À c L , c S À ðc M þ c L Þ) mechanisms by surround colours are known quantitatively. This allows to predict shifts in colour of the test-field in terms of receptoral (adaptation) as well as postreceptoral (contrast) mechanisms assuming a standard two-stage model. Predictions are tested using matching and hue compensation procedures. Both procedures yield comparable results that are consistent with the assumption that postreceptoral mechanisms explain the observed shifts in perceived colour.
Introduction
The colour of objects helps to segregate a visual scene into parts and enhances object identification (Zaidi, Yoshimi, Flanigan, & Canova, 1992) . This is supported by colour constancy: colours in a scene appear similar almost irrespective of the spectral composition of the illuminant (review: Hurlbert, 1998) . Thus, computation of the object colour must be performed taking into account parts of the scene other than the object.
A simple way to investigate this is to measure the influence of large coloured surrounds on the perceived colour of a small grey test-field. For example, a green surround induces a reddish sensation in a white testfield. This could be due to an overall reduction of Mcone sensitivity which results in a relative enhancement of the L-and S-cones, which in turn makes the test field appear reddish. This process is generally called chromatic adaptation. The green surround could also activate the red-green mechanism enhancing the red-green contrast across the border to the test-field leading to its reddish appearance. Processes such as the latter are generally called simultaneous colour contrast. Both, chromatic adaptation and simultaneous colour contrast will be defined in Section 2.
Definitions
The colours used as inducers were developed earlier (Teufel & Wehrhahn, 2000) . We defined 16 isoluminant, equally detectable and perceptually equidistant colours, which cover the hues available on a standard colour monitor. They provide a convenient representation for illustrating a difference between receptoral and postreceptoral mechanisms.
The position of these colours in the space spanned by the excitations of S-, M-and L-cones (cone space) (MacLeod & Boynton, 1979) has been determined: cone excitations of equally detectable colours form an ellipse as described first by MacAdam (1942) plotting his results in CIE space.
Using flicker fusion photometry we first identified the plane of equal luminosity for colour normal observers. Due to a small contribution of S-cones (Teufel & Wehrhahn, 2000) this plane is tilted with respect to the sum of L-and M-cone signals (Fig. 1) .
Generally, scaling of the three base vectors of cone space (the cone fundamentals) is set arbitrarily to 1 (Kaiser & Boynton, 1996) . We have rescaled the cone fundamentals with s ¼ 0:06, m ¼ 0:37 and l ¼ 0:63 (as compared to s ¼ m ¼ l ¼ 1). This yields a mathematically simple representation of colours using polar coordinates r (radius) and / (azimuth angle) in cone space or cone difference space used here: equally detectable colours lie on a circle with radius r being equal to the detection threshold in a plane of equal luminosity (see Fig. 1 ). Increase of azimuth angle / corresponds to going counterclockwise around the circle. Sixteen colours are generated by advancing in steps of equal increments of / around a circle with a radius of fivefold detection threshold (Fig. 1) . The (approximate) colours and a more detailed description of the experiments (Teufel & Wehrhahn, 2000) can be viewed at http://www.snl.salk.edu/~wehrhahn/teufel.htm.
Mathematical description of chromatic adaptation
Adaptation according to von Kries (1905) is described by the equations (for details see Chichilnisky & Wandell, 1995) :
Eqs. (1a)-(1c) account for chromatic adaptation as expressed in cone excitation space. The subscript ''a'' represents the adapted cone signals whereas ''na'' represents neutral adaptation for the reference white. The coefficients g S , g M and g L are the respective cone specific gains. Eq. (1a)-(1c) can be rewritten in cone contrast form (Weber-contrasts). For details of this transformation see Appendix A.
Fig. 1. (a) Schematic depiction of the plane of equal luminosity in renormalized cone difference space, as defined earlier (modified after Teufel & Wehrhahn, 2000) . It can be seen that the plane is slightly tilted with respect to the DS axis. The colours used as inducers are shown as equidistant points on a circle whose positions are described by the azimuth angle /. (b) Cone contrasts of the colours (continuous lines) shown in (a) plotted as a function of the azimuth angle /. These colours are used as inducers in the present experiments. Arrows depict the points of projection at the azimuth angles 180°and 270°.
Sensitivity of each receptor class varies inversely with changes in the illumination. Coefficients a S , a M and a L describe the fraction of contrast attributed to adaptation. c S ind , c M ind and c L ind are the respective cone contrasts between the 16 colours of the inducer (subscript ''ind'') and the reference white. c S , c M and c L are cone contrasts determined for the respective perceived colours of the test-field (see Section 3). Fig. 1 (lower part) shows the cone contrasts of the colours used in the experiments plotted as a function of /. Use of these colours as inducers in a center-surround configuration, as shown in Fig. 2 imposes the constraint that the cone contrasts measured in the test-field are 2p periodic functions of the azimuth / too.
Shifts in perceived colour of the grey test field due to adaptation are described by the coefficients in Eq. (1d)-(1f). Thin continuous lines in Fig. 3a -c describe the cone contrasts c S ind , c M ind and c L ind between respective inducers and the reference white. Settings due to adaptation (Eq. (1d)-(1f)) of hypothetical psychophysical observers, when matching the colour of the matching field to the shift in colour of the test field are shown by a range of thick lines. Different amplitudes indicate different coefficients a S , a M and a L .
Mathematical description of simultaneous colour contrast
Shifts in perceived colour of the test-field due to the presence of a coloured surround might also be the result of simultaneous colour contrast. Let c S ind and ðc M ind À c L ind Þ be the contrasts of the surround colours signalled by the opponent, postreceptoral chromatic mechanisms: blue-yellow and red-green. Due to their opponent nature shifts in colour of the test-field are predicted to be proportional to their respective surround contrast and of inverted sign compared to the latter (Eq. (2)). Applying these equations to our 16 colours defined above yields sinusoidal functions for c S and ðc M À c L Þ (Fig. 3d and e) . The constants k S and k MÀL are the respective coefficients of the two opponent mechanisms.
In the first experiment apparent colours of the testfield are matched to a separate field. A hypothetical observer matching colours due to simultaneous colour contrast (Eq. (2)) will yield shifts in the perceived testfield colour. Such shifts are predicted for the functions shown with thick lines (Fig. 3e) .
The postreceptoral blue-yellow signal is derived from the receptoral signals by subtracting the luminance signal ðL þ MÞ from the S-cone signal. Because the colours used in our experiments are isoluminant, luminance changes do not exist and the blue-yellow signal solely depends on S-cone excitation. As a result, no distinction between adaptation and simultaneous colour contrast can be seen for the S-cones due to the use of our colours: Eq. (1d) (S-cone adaptation) and Eq. (2a) (simultaneous colour contrast) predict the same results for the S-cone contrasts.
Earlier definitions of chromatic adaptation and simultaneous colour contrast
The definitions put forward above are mathematically simple and can easily be implemented into induction experiments, once the specific set of colours is established. A range of previous definitions for adaptation and simultaneous colour contrast found in the literature follows.
Some difficulties concerning the distinction between adaptation and simultaneous colour contrast are due to linguistic uncertainties. For Walraven (1976) chromatic induction was a synonym for adaptation. Similarly, Shevell (1978) treated chromatic adaptation as the generic term including chromatic adaptation and simultaneous colour contrast. Ware and Cowan (1982) tried to distinguish precisely between adaptation and simultaneous colour contrast. Their definition of the phenomena is based on the external stimulus properties. Colour and/or luminance of stimuli in the visual field may be altered simultaneously or successively. The simultaneous process is thought to favour simultaneous colour contrast, the successive adaptation. Simultaneous colour contrast locally alters the perception of colours adjacent in the visual field in a complementary manner, thereby enhancing chromatic contrast.
Strength of simultaneous colour contrast decays exponentially as a function of distance between test-field and surround ) and increases exponentially with surround size saturating at a diameter of 3° (Valberg, 1974) . More recently, adaptational effects are explained by von Kries type gain changes (Brainard & Wandell, 1992; Chichilnisky & Wandell, 1995; Smith & Pokorny, 1996) or changes imposed on receptoral mechanisms due to signal interaction from separate cone classes (Delahunt & Brainard, 2000) .
Simultaneous colour contrast might be mediated by the same physiological substrate as the red-green and blue-yellow opponent mechanisms observed in psychophysical experiments. This simple explanation did not account for all psychophysical studies Ware & Cowan, 1982) . The disagreement may be explained by assuming that the inducing stimulus affects the adaptive state of the visual system. If the inducing stimulus is small, hence weakly affecting the adaptational state of the visual system, gain changes are less effective than chromatic contrast mechanisms (Shevell & Wei, 1998; Ware & Cowan, 1982) . If the inducer is large adaptation is favoured and the results of psychophysical experiments may be explained by gain changes (Chichilnisky & Wandell, 1995; Kuriki & Uchikawa, 1998) .
Using an infield-surround stimulus of certain geometry it is of interest whether the perceived shift in colour of the infield evoked by the surround is dominated by chromatic adaptation (cone specific) or simultaneous colour contrast (opponent). Smith and Pokorny (1996) pointed out that the results of experiments concerning adaptation and simultaneous colour contrast, if plotted in a chromaticity diagram, do not clearly help to distinguish between the two effects because both move the percept of the infield away from the location of the surround. Interpretation of our results concerns the relative phase of cone contrast functions and the postreceptoral mechanisms derived from them.
Here we use the term induction as the generic term including both, adaptation and simultaneous colour contrast, and call the surround ''inducer''. Since our test-field is small and the inducer is large we can neglect possible influences of the test-field onto the inducer. Eqs.
(1) and (2) predict settings of hypothetical observers in the experiment sketched in Fig. 2 assumed to contain either adaptation or simultaneous colour contrast.
Two experimental procedures--a colour matching and a hue compensation technique--are applied to measure the shift in colour of a white test-field surrounded by the chromatic inducer viewed. In the first procedure the test-field colour is remixed in a separate matching field. In the second procedure the test-field colour is compensated by adjusting it to an achromatic sensation (nulling) as would be observed in the absence of the inducer (Fig. 2) . The white background serves as a reference.
These results are compared with the predictions implied by our definitions. Contrary to our expectations the experimental results are consistent with the hypothesis that chromatic induction in the conditions described is mediated by postreceptoral opponent col-our mechanisms. Short reports about the results have appeared earlier.
Methods
The three observers that took part in the experiments had normal or corrected to normal vision and were colour normal as established by the Farnsworth Hue 100 test. They had taken part in the detection experiments reported earlier (Teufel & Wehrhahn, 2000) . In these experiments a set of 16 equally detectable, isoluminant colours has been derived which are used as inducers. Stimuli were displayed on a colour monitor (Lijama Vision Master 21 00 ) by means of a computer (Pentium) and a graphics interface (ELSA). Spectral radiances of the monitor were measured with a spectroradiometer (ORIEL) that was calibrated against a Minolta CS1000 and a Photo Research PR650 spectroradiometer. Spectral radiances were converted to cone excitations by use of the Stockman, MacLeod, and Johnson (1993) cone fundamentals. Fig. 2 shows the stimulus geometry used in the experiments. Subjects viewed the monitor with two eyes from a distance of 3 m. The background was set to uniform grey (CIE x ¼ 0:3039, y ¼ 0:3168, Y ¼ 42:885 cd m À2 ). The monitor screen subtended a visual angle of 7.7°· 5.8°. The inducing field subtended 3°· 3°of visual angle and was presented in the center of the monitor screen. The square test-field enclosed by the inducer subtended 30 0 and had the same spectral radiance distribution as the background. In experiment 1 the altered appearance of the test-field was matched by adjusting the RGB-values of a separate field situated below the inducer (Fig. 2) . This was done by increasing or decreasing either of the three RGB-values in the smallest possible steps. This matching field also subtended 30 0 and its distance to the inducing field was 40 0 . Its separation from the lower edge of the monitor screen (dark surround covered with black matte cardboard) was 48 0 . In experiment 2 chromatic appearance of the test-field was compensated adjusting the RGB-values within the test-field until it appeared achromatic. With this ''nulling'' procedure the induced colour was cancelled.
In experiment 3 the area of the inducer was increased by a factor of 40. With the exception of observation distance, parameters were as in experiment 1.
Observers were instructed to fixate the test field. In matching experiments they were allowed to make occasional eye movements between test and matching fields to update their sensation of grey. They were given as much time as needed to achieve a satisfactory match between test and matching fields or test field and surround. The experiments included a learning phase, which ended when the results were stable. Only those results are reported. Observers indicated a satisfactory match by pressing a key. Matched values were stored and converted into cone contrasts. Ten repeats were taken for each data point.
Results and discussion

Experiments 1 and 2
Thin lines in Fig. 4a-c show cone contrasts of the inducing stimuli as a function of the azimuth angle / in the plane of equal luminance (see Figs. 1 and 3) . The results of the two induction experiments are indicated by respective symbols. Empty diamonds correspond to the condition in which the perceptually altered colour was remixed in a separate matching field (experiment 1). Filled diamonds correspond to the hue compensation task where the induced colour was compensated within the test-field to yield an achromatic sensation (experiment 2). The curves should be inverse to each other because the same induction effect was measured.
It can be seen that the M-and L-cone contrasts obtained in the hue compensation task are elevated compared to those of the colour matching experiment. This implies that the induced colours of experiment 2 appear darker than their inducers, thus being compensated by brighter colours. The physical contrast between infield and surround is much larger in the matching task than in the compensation task. This suggests, that chromatic contrast between infield and surround is responsible for the shift in luminance (mainly L-and M-cones are affected). If the contrast is low (experiment 2), the infield is perceived darker and must be compensated by brighter colours. If the contrast is high (experiment 1), the colour of the infield is perceived darker and must hence be remixed by darker colours in the separate matching field. It is also possible that these effects are due in part to the influence of the inducer or the black surround on the matching field. Cone specific offsets and the respective offsets in the second order mechanisms were calculated from the data as the mean of the induced cone contrasts. Individual and averaged shifts in perceived brightness for both experiments are shown in Table 1 . Fig. 4g -i show the same data but after eliminating the shifts in brightness. As expected, the experiments yield results, which are inversely related. Fig. 4j -l replot the same data but inverting signs for the data of the hue compensation task. Both experiments produce similar results if corrected for the respective shifts due to different overall brightness in the two experimental conditions. Fig. 5a -c shows cone contrasts of the inducing stimuli (continuous lines) together with the averaged results of both experiments (filled triangles).
The induced S-cone contrast function is inversely proportional to the S-cone contrast of the inducing stimuli. This may either indicate adaptation following Eq. (1d) or opponent interactions within the blue-yellow mechanism following Eq. (2a) in Section 2.2. As mentioned earlier, within the plane of equal luminance the blue-yellow opponent mechanism solely depends on the S-cone excitation. Therefore we cannot distinguish between these alternatives. Inspection of Fig. 5b and c shows that there is neither a relation following Eq. (1e) between the M cone contrast of the inducing stimuli and the induced M cone contrast function nor a relation following Eq. (1f) between L cone contrast of the inducer stimuli and the induced L cone contrast function. Fig. 5e shows the same results, but expressed as redgreen opponent mechanism excitations. Continuous Fig. 1. (d-f) Cone contrasts of the settings averaged from the three observers using the matching procedure (empty diamonds) and the hue compensation procedure (filled diamonds). (g-i) Cone contrasts of the averaged settings for the three observers using the matching procedure (empty diamonds) and the nulling procedure (filled diamonds) after the offsets have been discarded (see Table 1 ). (j-l) Cone contrasts of the averaged settings for the three observers using the matching procedure (empty diamonds) and the nulling procedure (filled diamonds) after the luminance effects have been discarded and the sign of the results of the nulling procedure has been inverted. From these geometrical considerations we conclude that the settings of the subjects are consistent with the hypothesis that they use a postreceptoral mechanism following Eq. (2b). By analogy we assume that observers used the postreceptoral mechanism following Eq. (2a). From the data, the two coefficients k (Eq. (2)) describing the chromatic mechanisms mediating induction (Fig. 5d , e) were derived by least square fits. This was done for the averaged data and for each of the three observers separately. All values are shown in Table 1 . Inserting the opponent mechanism excitations of an inducing stimulus into (Eq. (2)) allows to compute the opponent mechanism excitations of the induced colour (the testfield). Open circles in Fig. 5d and e show the values predicted by the model which are quite similar to those obtained in the experiments (filled triangles).
The range of validity of Eqs. (2a) and (2b) was further tested by inserting the predicted values as stimuli into the original experiment. Thereby the test-and matching field of experiment 1 should appear identical when the colours predicted by the model are inserted as matching stimuli. In case of the hue compensation task, the central test-field should appear achromatic. The reports of all subjects confirmed the model.
In addition, this test was expanded to other stimuli situated within the plane of equal brightness. The respective matching colours of test stimuli for inducers situated at the 2-fold and 8-fold detection thresholds were calculated and presented to the observers. Again, the reports confirmed the model. This result indicates linearity of opponent chromatic induction strength as a function of the opponent colour difference between test-and surrounding field (Jameson & Hurvich, 1961) . Krauskopf, Zaidi, and Mandler (1986) determined the induction strength of inducing stimuli situated on the cardinal axis but differing in saturation. They observed deviations from linearity along the cardinal axis. From these deviations they concluded that chromatic induction for intermediate stimuli is mediated by higher-order mechanisms and cannot be predicted by cardinal mechanisms. However, the reported deviations from linearity are small. Krauskopf et al. (1986) added a small cubic term to the linear term, which accounts for opponent cardinal induction strength. On the other hand Zaidi and Zipser (1993) developed a model in which the combined effect of surrounds is equal to the sum of contrasts induced by individual elements of the surround. The effect of each individual element is weighted by a factor that depends on the distance between test-field and surround element.
In summary, the experiments presented indicate that the induced chromatic shift is towards the complementary direction of the colour of the surround and proportional to the chromatic difference between inducing colour and the reference white. In our conditions corrections of the kind discussed in the previous paragraph are not required. 
Experiment 3
Why do we not see any sign of adaptation in our data as expected from Eq. (1) (see Fig. 3 )? A possible explanation for this could be that very large parts of the field of view must be stimulated in order to obtain adaptation (Chichilnisky & Wandell, 1995) . We therefore repeated the experiment with inducers having identical colours, but with an area increased by a factor of 40. Experiments were done in analogy to experiment 1 and by the same observers. Fig. 6 shows the results (open diamonds). For comparison the results of experiment1 are plotted as well (filled triangles).
The two sets of data match well. First, this confirms earlier experiments which had shown that simultaneous colour contrast is an effect whose strength increases with the size of the inducer up to some limit (Jenness & Shevell, 1995; Tiplitz & Buchsbaum, 1988; Valberg, 1974; Wesner & Shevell, 1992; Zaidi et al., 1992) . Second, in the context of the present analysis the results indicate that--within the range of experimental errors--there is no sign of adaptation (Eq. (1)) for a surround as large as 15°· 24°.
A recent report describes gain changes that depend on stimulation by other classes of cone (Delahunt & Brainard, 2000) . The stimuli used in this report differ in several substantial respects from those used here. First, they were not isoluminant. We assume that there is local linearity in cone space for our isoluminant stimuli. Adding luminance components very probably violates that assumption, which is the basis for the discriminating power of our experiments as outlined in Section 2. Second, the size of the test-field in the former experiments (2.5°· 2.5°) is much larger than that used here (0.5°· 0.5°): test-field areas differ by a factor of 25. Thus, in the experiments reported here the parafoveal region was not stimulated by the test-field, while it was indeed in the former study. Third, subjects in this report were instructed to fixate the test-field for extended periods of up to several min interrupted only by short eye movements (see Section 3). This is long compared to the duration of 1 s used by Delahunt and Brainard (2000) . Fourth, observers were shown test and matching stimuli in alternation and observers were instructed to fixate back and forth between test and match locations (Delahunt & Brainard, 2000) . This situation differs substantially from that used here, particularly so in the nulling experiments.
Another possible explanation for our failure to measure adaptation could be due to a spread of adaptation to the test-field as well as to the matching field. This assumption is consistent with earlier observations (Chichilnisky & Wandell, 1995; Ware & Cowan, 1982) . Intracellular recordings from horizontal cells in the retina of anesthetized cats show spatial spread of cone specific adaptation (Lankheet, Prickaerts, & van de Grind, 1992 ; but see Lee, Dacey, Smith, & Pokorny, 1999) . This hypothesis will be tested by dichoptic experiments analogous to those reported here in a paper to be submitted.
A model for red-green induction
The data in Fig. 5e indicate that red-green induction is mediated by the red-green opponent mechanism. A fraction (Table 1 ) of the in-or decremental excitation of this mechanism is subtracted from the excitation of the red-green opponent mechanism devoted to the test-field. In Section 2, the red-green mechanism (Eq. (2b)) is described by
The constant k MÀL is the red-green induction coefficient, which was tabulated for each observer in Table 1 . According to Eq. (2), the induced red-green response of the test-field is determined by the red-green mechanism excitation of the surround. Is there also a simple relation between the induced M-and L-cone contrast functions on the one hand and the respective cone contrast functions provided by the inducers?
Two simple solutions, which both satisfy Eq. (2) are considered: 
and
Inspection of the results (Fig. 5b and c) favours the second solution (4a) and (4b). We can thus separate the effects of the individual receptoral processes within the opponent red-green mechanism. The shape of the induced M-cone contrast function is similar to the L-cone contrast function of the inducing stimulus and vice versa. This result is incorporated into a simple model of chromatic induction.
While the shapes of the induced M-and L-cone contrast functions are similar to the L-and M-cone contrast functions of the inducing stimuli, the absolute magnitudes of these induced functions differ from the values predicted by Eq. (4). The induced M-cone contrast function is 1.165 times the L-cone contrast function of the inducing stimulus and the induced L-cone contrast function is 0.499 times the M-cone contrast function of the inducing stimulus (averaged values, individual values are shown in the first two rows of Table 2 ).
But use of these cone specific induction coefficients does not satisfy Eq. (2). This is mended by introducing new opponent mechanisms at either the inducing or the induced site. The first solution is obtained by modifying Eq. (2) to
Here the term v M c M ind À v L c L ind forms the new inducing mechanism whereas k MÀL determines the fraction induced into the opponent mechanism excitation to the left side of Eq. (5), i.e. into the test-field. The coefficients v M and v L account for a new red-green opponent mechanism at the inducing site. Eq. (5) is solved by
There is some degree of freedom in the absolute scaling of v M and v L , and hence of k MÀL . For the further considerations v M is arbitrarily scaled to unity such that v L has to be assigned a value of 2.333 (averaged values, individual values are shown in Table 2 ). By knowledge of v M and v L the excitatory mechanism of the inducing stimuli may be computed (term in the brackets of Eq. (5)) and plotted together with the opponent mechanism induced into the test-field (left side of Eq. (5)). From the two resulting functions (see Fig. 7 ), the red-green induction coefficient k MÀL is derived. Its numerical value is 0.347 (averaged value, individual values are shown in Table 2 ). As was shown earlier for the observers in the experiments reported here, the red-green mechanism consists of balanced, but opponent M-and L-cone contrast inputs with a small S-cone contrast input of the same sign as the L-cones (Teufel & Wehrhahn, 2000) . The luminance mechanism consists of additive inputs from Mand L-cones with a small inhibitory S-cone component (Luther, 1927; Vos, Estevez, & Walraven, 1990) . The L-cone input into the brightness mechanism is approximately twice the M-cone input. The inducing mechanism in the brackets of Eq. (5) consists of M-and L-cone contrast inputs, the latter again being of approximately doubled magnitude. This value may be correlated with the cone density in the retina where L-cone density as averaged over many subjects is about twice as high as M-cone density (Roorda & Williams, 1998) .
According to Fig. 5e , opponency between the redgreen mechanism excitations of the test-and inducing field was observed. Thereby the red-green mechanism excitations of both, the inducing colour and the induced test-field colour were computed by balanced and opposed M-and L-cone contrast signals. However, Fig. 7 also shows opponency between the inducing and the induced red-green mechanism excitations, although the red-green mechanism at the inducing site is altered by Eq. (5). From the two red-green inducing mechanisms the best opponent fit to the data was computed (Eq. (2) and (5)). Which of the two mechanisms fits the data more precisely?
We compare the two solutions by computing the sum of squared distances between the data points and the red-green mechanism excitations of the induced testfield colours predicted by the right sides of either Eq. (2) or (5). The sum of squared distances predicted by Eq. (2) turns out to be 2.7 times greater than the sum of squared distances predicted by Eq. (5). Thus, the degree of opponency is greater for Eq. (5) than for Eq. (2) and hence favours the altered red-green mechanism at the inducing site expressed in Eq. (5).
Conclusions
With a set of 16 equally detectable, isoluminant stimuli (Teufel & Wehrhahn, 2000) we investigated chromatic induction of a small white test-field surrounded by a large inducer. Three different approaches with observers looking at the stimulus with two eyes were applied to measure the shift in colour of the testfield evoked by the 16 surrounds. The experimental results found are consistent with the hypothesis that the shift in colour of the test-field is due to a postreceptoral, opponent process. The contributions of the respective cone contrasts are known quantitatively and are reliably approximated by Eq. (5). Validity of this mechanism is restricted to the plane of isoluminance and cone contrast amplitudes of inducing colours up to fivefold detection threshold.
Outlook
Simultaneous colour contrast is clearly visible in our experiments. When surrounded by the inducing stimulus the white test-field appears in a complementary colour. For the red-green case neither a small nor a large surrounding stimulus did evoke cone contrast excitations inversely proportional to the cone contrasts of the surround. Thus, the presence of adaptation may not be measurable because, in the experimental conditions used here, it changes the gains of the test-and matching field to the same extent.
If this is the case the effects of the adaptation processes must be visible in an experiment where only one eye is exposed to the inducing stimulus and the shift in perceived colour is matched in the other eye. The results of such an experiment are reported in a forthcoming manuscript.
Appendix A
The coefficients a S , a M and a L Eq. (1d)-(1f), describing the fraction of chromatic shift of the test-field attributed to adaptation do not equal the classical gain coefficients (g S , g M and g L ). The coefficients describe the fraction of the cone contrasts of the surrounding field that have to be inverted to form the adapted appearance of the test-field Eq. (1a)-(1c) . The dependence between the two sets of coefficients will briefly be shown for the S-cones. Similar considerations apply to the M-and Lcones. The amount of change in chromatic appearance attributed to S-cone adaptation is c S ¼ Àa S c S ind ðA:1Þ
Here c S is the S-cone contrast of the adapted test-field and c Sind is the S-cone contrast of the surrounding colour. Both contrasts are given as Weber-contrasts against the S-cone excitation of the unadapted white reference background (see Fig. 2 where the indices a, w and ind account for the S-cone excitations of the test-field (left side), the unadapted white reference background and the surrounding field (right side), respectively. The conventional form of Scone adaptation (Eq. (1a) ) is given by S a ¼ g S S na ðA:3Þ
Relating Eq. (A.3) to experiment 1 (Fig. 2) , the adapted test-field appearance ðS a Þ of the ''physically'' white testfield ðS W Þ was assessed by the match. Thus, Eq. (A.3) can be rewritten as
Insertion of Eq. (A.4) into (A.2) yields:
an equation which relates the gain coefficient g S (describing chromatic S-cone adaptation in cone excitation space) to the coefficient a S which describes chromatic S-cone adaptation in cone contrast space.
Since we are using colours as inducing stimuli that are situated on sinusoidal cone contrast functions (see Fig. 1 ), g S must also be a sinusoidal function (see Eq. (A.5)). If there is no S-cone contrast between the surrounding field and the white test-field (c S ind ¼ 0 in Eq. (A.5)), g S is equal to one and hence there is no S-cone Fig. 7 . Red-green opponent induction. The thin line corresponds to an altered version of the red-green mechanism at the inducing site with increased L-cone input. Triangles represent the red-green excitation induced in the test field as determined experimentally and the thick line almost connecting the data points reflect the red-green excitation induced in the test field as computed by balanced and opposed M-and Lcone contrast inputs. adaptation (Eq. (A.3) ). If there is a positive S-cone contrast between the surround and the test-field (blue inducing field) g S is smaller than one. Hence, the testfield looks less bluish than the (unadapted) matching field. If we use the 16 colours forming sinusoidal cone contrast functions of the azimuth as inducing stimuli, g S also exhibits a sinusoidal shape with inverted phase compared to the S-cone contrast of the surround (Eq. (A.5)).
